Metaplasticity is a higher form of synaptic plasticity that is essential for learning and memory, but its molecular mechanisms remain poorly understood. Here, we report that metaplasticity of transmission at CA1 synapses in the hippocampus is mediated by Src family kinase regulation of NMDA receptors (NMDARs). We found that stimulation of G-protein-coupled receptors (GPCRs) regulated the absolute contribution of GluN2A-versus GluN2B-containing NMDARs in CA1 neurons: pituitary adenylate cyclase activating peptide 1 receptors (PAC1Rs) selectively recruited Src kinase, phosphorylated GluN2ARs, and enhanced their functional contribution; dopamine 1 receptors (D1Rs) selectively stimulated Fyn kinase, phosphorylated GluN2BRs, and enhanced these currents. Surprisingly, PAC1R lowered the threshold for long-term potentiation while long-term depression was enhanced by D1R. We conclude that metaplasticity is gated by the activity of GPCRs, which selectively target subtypes of NMDARs via Src kinases.
Introduction
Various forms of synaptic plasticity at CA1 synapses are dependent upon activation of postsynaptic NMDA receptors (NMDARs; Collingridge and Bliss, 1995; Abraham, 2008) , providing mechanisms underlying important aspects of hippocampal learning and memory (Whitlock et al, 2006; Howland and Wang, 2008) . Two major subtypes of NMDARs are located at these synapses; they are heterotetramers composed predominantly of GluN1a in combination with either GluN2A (GluN2ARs) or GluN2B (GluN2BRs) subunits. The requirement for receptor subtypes at these synapses is poorly understood. Each subtype is calcium permeable but differences in their gating kinetics and topographical location in the cell result in distinct temporal and spatial intracellular calcium signals (Kohr, 2006; Berberich et al, 2007) . For example, GluN2ARs activate and deactivate more rapidly than do GluN2BRs, allowing for a substantive but transient entry of Ca 2 þ via GluN2ARs versus a much slower, but in total, much larger total charge transfer for Ca 2 þ via GluNR2BRs (Vicini et al, 1998) . Therefore, each receptor subtype might dramatically differ in its contribution to Ca 2 þ -dependent signalling and synaptic plasticity (CullCandy and Leszkiewicz, 2004) . The relative contributions of NMDAR subtypes to the direction of synaptic plasticity (potentiation versus depression) have been highly controversial, ranging from distinct roles for GluN2ARs in long-term potentiation (LTP) versus GluN2BRs in long-term depression (LTD; Liu et al, 2004; Fox et al, 2006; Brigman et al, 2010) , to the assertion that it is the ratio of GluN2AR/GluN2BR, which determines direction (Cho et al, 2009) . Just as significantly, whether signal transduction cascades can alter the relative contribution of each receptor subtype, and thus dynamically alter the direction of synaptic plasticity has not previously been explored.
Protein tyrosine phosphorylation provides a powerful means of regulating NMDAR function in the CNS (Salter and Kalia, 2004; Chen and Roche, 2007) . The phosphorylation status of NMDAR subunits is set by the concerted and opposing activity of specific kinases and phosphatases, and may be dynamically altered by prior neuronal activity or through the engagement of specific intracellular signalling cascades. In this respect, Src family kinases play an essential role in initiating activitydependent synaptic plasticity without themselves changing synaptic efficacy (Lu et al, 1998; Ali and Salter, 2001; Huang et al, 2001; Salter and Kalia, 2004; Xu et al, 2008) . At CA1 synapses, the activity of the tyrosine kinases Src and Fyn is required for the induction of LTP (Lu et al, 1998; Huang et al, 2001) . However, it is unclear if and how Src and Fyn might differentially regulate the function of NMDARs in hippocampal neurons (Salter and Kalia, 2004) . We hypothesized that different classes of G-protein-coupled receptors (GPCRs) (Gaq versus Gas) activate either Src or Fyn kinase; and, that Src and Fyn selectively phosphorylate GluN2ARs or GluN2BRs, respectively. By this means each signalling pathway might selectively alter the function of each subtype of NMDARs, and as consequence, govern the direction of synaptic plasticity.
Results

GluN2A is required for Src regulation of NMDARmediated currents in isolated CA1 neurons
We previously showed that low concentrations of pituitary adenylate cyclase activating peptide 38 (PACAP38) potentiated NMDA-induced currents (via the PAC 1 R) in isolated CA1 pyramidal neurons, and this effect was prevented by coapplication of the Src interfering peptide Src(40-58) (Macdonald et al, 2005) . This peptide does not inhibit the enzymatic activity of Src, but rather interferes with the binding of Src to the scaffolding protein, NADH dehydrogenase subunit 2, thus preventing Src from orienting to a subcellular compartment where it can phosphorylate NMDARs (Gingrich et al, 2004) .
For whole-cell recordings from isolated CA1 neurons from rats and mice, NMDA (50 mM NMDA and 500 nM glycine) applications of 3 s duration were repeated at a frequency of 1 per minute using one barrel of a rapid perfusion system while a second barrel was used to apply control bathing solution. Tests on cells from transgenic mice were always matched with appropriate controls from wild-type mice. Recovery from GluN2R desensitization was complete between applications. Recombinant kinases, interfering peptides (e.g., Src(40-58) and PKI 5À24 ) were included in the patch recording pipette. In some experiments, where indicated, we doubled the concentration of NMDA (100 mM) and glycine (1 mM) in order to achieve responses of comparable amplitude to those of controls. Receptor agonists such as PACAP38 and SKF81297 were applied together with NMDA in the first barrel as well as the control barrel, for a period of 5 min as indicated in the figures (shaded regions). In contrast, antagonists were applied continuously in both the control barrel and the NMDA-containing barrel of the perfusion system throughout the entire duration of the recordings.
We initially examined the effects of intracellular applications of recombinant Src (30 U/ml, patch electrode) upon peak NMDA current (50 mM NMDA and 500 nM glycine). The Src-induced potentiation was insensitive to the highly selective GluN2BR inhibitor, Ro 25-6981 (500 nM) (Fischer et al, 1997; Malherbe et al, 2003) , but was strongly inhibited by the GluN2AR competitive antagonist, NVP-AAM077 (50 nM) (Neyton and Paoletti, 2006; Bartlett et al, 2007; Paoletti and Neyton, 2007; Figure 1A and B) . Given the relatively limited selectivity of NVP-AAM077, we further tested Zn 2 þ at a concentration (300 nM) shown to preferentially block GluN2ARs versus GluN2BRs in the hippocampus (Neyton and Paoletti, 2006; Paoletti and Neyton, 2007; Nozaki et al, 2011) . Zinc blocked the potentiation of NMDA-evoked currents by Src ( Figure 1B) . Furthermore, in CA1 neurons from wild-type mice Src enhanced peak currents but these effects were absent ( Figure 1B ) in cells from GluN2A À/À knockout mice (Ito et al, 1997) . We then used a low concentration of the PAC 1 R agonist, PACAP38 (1 nM, 5 min, perfusion barrels) (Macdonald et al, 2005) to activate endogenous Src in these neurons (Macdonald et al, 2005) . The PAC 1 Rs effects were not blocked by Ro 25-6981 (500 nM) or ifenprodil (3 mM) but were blocked by Zn 2 þ (300 nM) and NVP-AAM077 (50 nM). Furthermore, its effects were absent in cells from GluN2A 
GluN2B and not GluN2A is required for Fyn regulation of NMDAR-mediated currents in isolated CA1 neurons
Fyn kinase has been implicated many times in the regulation of NMDARs (Salter and Kalia, 2004) . However, whether such regulation is GluN2 subunit dependent has not been shown. We therefore compared the effects of recombinant Fyn kinase (1 U/ml, patch electrode) on NMDAR-mediated currents with those of recombinant Src. Fyn also enhanced these currents and this effect was prevented by Ro 25-6981 (500 nM) but not by NVP-AAM077 (50 nM) (Figure 2A and B) . Using an analogous approach to that used to develop Src(40-58), we synthesized a peptide corresponding to a region of the unique domain of Fyn (amino acids 39-57). We speculated that Fyn must locate to the vicinity of the receptor by binding to an unknown scaffolding protein. Fyn(39-57) (25 ng/ml), but not Src(40-58) (25 ng/ml), attenuated the effect of Fyn (Supplementary Figure S1B) . Importantly, we confirmed that co-applications of Src(40-58) (25 ng/ml) prevented the enhancement of NMDA-induced currents by recombinant Src (Supplementary Figure S1A) and, conversely, showed that Fyn(39-57) did not alter the potentiation by Src kinase (Supplementary Figure S1B) . These findings illustrate that this peptide can distinguish between the Src-and Fyn-dependent regulation of NMDARs. Again, it is important to note that neither peptide serves as an inhibitor of enzymatic activity (Gingrich et al, 2004) .
GPCRs coupled to Gas can also potentiate NMDAR currents in hippocampal neurons (MacDonald et al, 2007) . We therefore examined the effects of stimulating the dopamine D1 receptor (D1R; Cepeda and Levine, 2006) . In these recordings, we did not alter the concentrations of NMDA and glycine (50 and 0.5 mM, respectively). As a consequence, the proportionate enhancement of the contribution of the spared subtype of receptor is much greater. Application of the D1R agonist, SKF81297 (10 mM, 5 min, perfusion barrels), enhanced NMDAR currents in isolated CA1 neurons ( Figure 2C ). The effect of SKF81297 was blocked by the D1,5 antagonist, SCH23390 (10 mM). Block of GluN2BRs by Ro 25-6981 prevented this enhancement while block of GluN2ARs with NVP-AAM077, rather than just preventing, actually increased the proportional enhancement by D1R ( Figure 2C and D). This enhancement is anticipated because blocking GluNR2ARs will result in currents generated in greater proportion by GluNR2BRs. Similar findings were observed with the GluN2AR antagonist Zn 2 þ . More convincingly, the enhancements were also proportionately larger in CA1 neurons taken from GluN2A knockout mice ( Figure 2D ). In addition, the potentiation by SKF81297 was prevented by the specific PKA inhibitors PKI 5À24 ( Figure 2D , applied via the patch pipette) and Rp-cAMPs (patch pipette). Similarly, applications of vasoactive intestinal peptide (VIP, 1 nM), acting through the VPAC1,2R (VIP receptors; Yang et al, 2009) , enhanced NMDAR-mediated currents by targeting GluN2BRs (Supplementary Figure S2) . Therefore, we determined if D1R and VPACR stimulations required Fyn activation rather than Src. Fyn(39-57) blocked the enhancement of NMDAR currents by each of these GPCRs ( Figure 2D ; Supplementary Figure S2B ).
Selective phosphorylation of GluN2A and GluN2B
We also examined both the biochemical and electrophysiological actions of these GRPCRs in rat hippocampal slices. Slices were prepared as for electrophysiological recording and were similarly treated with agonists and antagonists. We demonstrated that PACAP38 treatment (1 nM for 10 min) increased Src kinase activity (increased Tyr-416 phosphorylation), but not that of Fyn (Tyr-420 phosphorylation unchanged, Figure 3A) , and increased the tyrosine phosphorylation of GluN2A, but not GluN2B subunits ( Figure 3B ). Importantly, increased GluN2A phosphorylation was prevented by applications of TAT-Src(40-58) ( Figure 3B ). Conversely, treatment of slices with SKF81297 (10 mM for 10 min) increased Fyn kinase activity, but not that of Src ( Figure 3C ), and increased tyrosine phosphorylation of GluN2B, but not GluN2A subunits ( Figure 3D ). The SKF81297-induced increase in GluN2B phosphorylation was prevented by a TAT-Fyn(39-57) ( Figure 3D ) as well as by a D1R antagonist (SCH23390, 10 mM).
Selectivity of GPCR activation upon NMDAR-mediated EPSCs in rat hippocampal slices
Bath application of PACAP38 (10 nM) or SKF81297 (20 mM) increased the amplitude of NMDAR-mediated EPSCs (NMDAR EPSC ) recorded from rat hippocampal slices (PACAP38: 1.59 ± 0.15, n ¼ 5; SKF81297: 1.78 ± 0.23, n ¼ 6) ( Figure 4A and B). The effects of PACAP38 on NMDAR EPSCs , previously shown to be prevented by Src(40-58) (Macdonald et al, 2005) , were not affected by pipette applications of Fyn(39-57) (25 ng/ml, patch pipette) ( Figure 4A ). Conversely, the effect of SKF81297 was prevented by the Fyn(39-57), but not by the pipette applications of Src(40-58) ( Figure 4B and C). We also recorded in the continued presence of bath applied Ro 25-6981 (500 nM), to block GluN2BRs, and demonstrated that NMDAR EPSCs were still potentiated when PACAP38 ( Figure 4A ) was applied. In contrast, the potentiation by SKF81297 ( Figure 4B and C) was blocked by Ro 25-6981 (500 nM) and by the D1,5 antagonist, SCH 23390 (10 mM). Therefore, PACAP38 preferentially augments the function of synaptic GluN2ARs, but not GluN2BRs, by enhancing Src activity but not Fyn; and, SKF81297 selectively augments the function of synaptic GluN2BRs, but not GluN2ARs, by enhancing Fyn, but not Src, kinase activity. À/À mice (N ¼ 5) even though wild-type cells (N ¼ 5) demonstrated a degree of potentiation similar to that observed in rat neurons (1.4±0.1 times control). Test reagents (PACAP38, 1 nM; NVP-AAM077, 50 nM; Ro25-6981, 500 nM; ifenprodil 3 mM; Zn 2 þ , 300 nM) were co-applied with NMDA/Glycine solutions using the multi-barreled perfusion system and were included in the bath during the entire recording period (not PACAP38). Peak currents were averaged for 5 min prior to applying PACAP and were compared with currents averaged for values between 20 and 25 min. **Indicates Po0.01, one-way ANOVA ( 
Selectivity of GPCR activation upon synaptic plasticity in hippocampal slices
We then examined the consequences of enhancing each receptor subtype on synaptic plasticity in rat hippocampal slices. Field excitatory postsynaptic potentials (fEPSPs) were recorded from the CA1 stratum radiatum in response to electrical stimulation of Schaffer-collaterals in rat hippocampal slices. In control slices, baseline was monitored for a minimum of 20 min before the induction of synaptic plasticity. In drug treated slices, baseline responses were monitored for 10 min before applying either PACAP38 (1 nM) or SKF81297 (10 mM) to the bath for 10 min (shaded regions in Figure 5 ) and was continued until just after the induction of synaptic plasticity. fEPSP slopes were unaffected by the bath application of either PACAP38 or SKF81297 (Supplementary Figure S3A) . In addition, a separate series of recordings confirmed that neither treatment altered paired-pulse facilitation (Supplementary Figure S3B) , a form of short-term plasticity used to assess changes in presynaptic function.
Changes in plasticity were characterized by varying the frequency of repetitive stimulation (1-100 Hz) used during the induction phase, thus generating frequency-plasticity relationship for each of our treatment conditions. In this way, we could monitor not only the maximum synaptic gain change but also the frequency at which the direction of plasticity changed from LTD to LTP. In control slices, maximum potentiation and depression were achieved following repetitive stimulation at 50 and 1 Hz, respectively; and the direction of plasticity changed from LTD to LTP at induction frequencies ranging from 10 to 20 Hz ( Figure 5 ). Although . In cells taken from GluN2A À/À mice (N ¼ 5) Fyn enhanced NMDAR peak currents. Recombinant Fyn (1 U/ml) was applied via the patch pipette. NVP-AAM077, Zn 2 þ , and Ro25-6981 were applied to the bath and to the perfusion solutions containing NMDA/Glycine. Peak currents were measured immediately following break through and were compared with currents averaged for values between 25 and 30 min. (C) Upregulation of I NMDA by SKF81297 (N ¼ 9) was blocked by Ro25-6981 (N ¼ 7) but not by NVP-AAM077 (N ¼ 5). The application of SKF81297 is indicated by the shaded region and was 5 min. (D) Quantification of normalized I NMDA recorded from isolated hippocampal neurons treated with SKF81297. D1R-induced potentiation of I NMDA (N ¼ 9) is prevented by SCH23390 (N ¼ 9), PKI 5À24 (N ¼ 7), Ro25-6981 (N ¼ 7), and 
À/À mice, currents were enhanced by applications of SCH23390 (N ¼ 6). Test reagents (SKF81297, 10 mM; SCH23390, 10 mM; Ro25-6981 500 nM; Zn 2 þ , 300 nM; NVP-AAM077, 50 nM) were co-applied with NMDA/Glycine solutions using the multibarreled perfusion system and were included in the bath when appropriate (not SKF81297). Fyn(39-57), 25 ng/ml; Src(40-58), 25 ng/ml and PKI 5À24 , 300 nM were included in the patch pipettes. Peak currents were averaged for 5 min prior to applying SKF81297 and were compared with currents averaged for values between 20 and 25 min. **Indicates Po0.01, one-way ANOVA. Calibration bars: 2 s; (A) Fyn 150 pA, Ro25-6981 200 pA, NVP-AAM077 150 pA; (B) Control 400 pA, Ro25-6981 400 pA, NVP-AAM077 100 pA.
LTD was consistently observed in control slices with 5-10 Hz stimulation, LTP was now observed at lower frequencies ( Figure 5C ; PACAP38 group at 10 and 20 Hz).
In contrast, the D1R agonist SKF81297 shifted the modification threshold to the right thereby increasing the threshold for LTP induction. As a result, LTD induction was now favoured ( Figure 5 ; SKF81297 group at 1, 10, 20, and 50 Hz).
Although implied, our results do not definitively show that it is the phosphorylation of NMDARs that is responsible for the changes in the direction of the induction of synaptic plasticity. Indeed, other targets of these signalling cascades could also contribute to the changes in plasticity described. For this reason, we employed knock-in transgenic mice where key tyrosine residues were changed to phenylalanines (Nakazawa et al, 2006; Taniguchi et al, 2009; Delawary et al, 2010; Matsumura et al, 2010; Katano et al, 2011) . Src enhancement of NMDAR-evoked currents is lost in GluN2A(Y1325F) mice (Taniguchi et al, 2009 ) and we determined if PACAP would potentiate NMDAR currents in isolated neurons taken from these mice. In parallel, we examined responses to SKF81297 in cells isolated from GluN2B(Y1472F) mice. PACAP38 and SKF81297 failed to potentiate NMDAR-induced currents in cells from GluN2A(Y1325F) and GluN2B(Y1472F) mice, respectively, even though the enhancements were observed in cells from wild-type mice ( Figure 6A and B) . Furthermore, PACAP38 (1 nM) increased NMDAR-mediated currents in isolated neurons from GluN2B(Y1472F) (n ¼ 5 cells, 1.4 ± 0.14) mice and SKF81297 (10 mM) increased those taken from GluN2A (Y1325F) (n ¼ 4, 1.2±0.02).
In order to establish that the changes in the direction of plasticity were directly dependent upon phosphorylation of GluN2AR and GluN2BRs, we examined slices from knock-in mice. We used a 10-Hz stimulus frequency, the frequency at which we observed a shift to LTP following application of PACAP ( Figure 6C) ; or, alternatively a shift in favour of LTD following SKF81297 in slices from wild-type mice. Neither shift was observed in slices from GluN2A(Y1325F) and GluN2B(Y1472F) mice, respectively ( Figure 6D and E) . Importantly, we also observed no changes in the expression or activation of Src and Fyn in the hippocampus of these knock-in mice (Supplementary Figures S4 and S5 ).
Discussion
It is acknowledged that GluN2ARs and GluN2BRs can potentially provide very different temporal and spatial Ca 2 þ signals following synaptic stimulation. The magnitude and kinetics of these Ca 2 þ signals will also depend strongly upon the properties of the presynaptic afferent stimulation. The contributions of each subtype of NMDAR to postsynaptic plasticity will therefore change with the use of differing stimulus protocols. The data presented show that both Gaqand Gas-associated GPCRs enhance synaptic currents generated by NMDARs at CA1 synapses. However, they do so by respectively activating Src or Fyn, and, by selectively enhancing the contribution of GluN2AR versus GluN2BR to synaptic transmission. The Src-dependent enhancement of GluN2AR function facilitated LTP induction while LTD was facilitated when Fyn kinase, recruited through GPCR-initiated signalling cascades, enhanced GluN2BR function. It is important to note that what we have shown is that under our given set of stimulus protocols GluN2ARs and GluN2BRs can have very different effects on the direction of synaptic plasticity, presumably because they induce very different intracellular Ca 2 þ signals. Importantly, our findings are also consistent with biochemical and structural evidence ( The increase of NMDAR EPSCs by SKF81297 (20 mM; bath applied) (N ¼ 6) is blocked by Ro25-6981 (500 nM; bath applied) (N ¼ 6) and by Fyn(39-57) (25 ng/ml patch pipette) (N ¼ 4). (C) The potentiation of NMDAR EPSCs by SKF81297 (N ¼ 6) could be prevented by SCH23390 (10 mM; bath applied) (N ¼ 6), Ro25-6981 (500 nM; bath applied) (N ¼ 6), Fyn(39-57) (25 ng/ml patch pipette) (N ¼ 6) but not by Src(40-58) (25 ng/ml patch pipette) (N ¼ 6). Peak currents were averaged for 5 min prior to applying PACAP and were compared with currents averaged for values between 25 and 30 min. **Indicates Po0.01, Student's t-test Calibration bars: 100 ms; (A) PACAP38 100 pA, Fyn(39-57) 100 pA, Ro25-6981 100 pA; (B) SKF81297 50 pA, Fyn(39-57) 35 pA, Ro25-6981 25 pA. may promote AMPAR internalization, and, conversely that GluN2ARs may drive GluR1 delivery to synapses, a critical step for the induction of LTP (Shi et al, 2001 ). These studies thus provide a mechanistic basis for functional GluN2 subunit segregation with respect to the induction of bidirectional plasticity. Nevertheless, as both receptor subtypes contribute intracellular Ca 2 þ signals their effects on the direction of synaptic plasticity are likely to be dependent upon both temporal (e.g., kinetics of receptor activation) and topographical aspects (e.g., spine versus extra-spine locations) of each receptor subtype (Kohr, 2006) . Just because, under our conditions, one signalling pathway favours LTP and the other LTD does not imply that this will be so under other conditions of stimulation. Rather our results demonstrate that these signalling pathways have the capacity to differentially regulate the direction of synaptic plasticity. For example, applications of D1R agonist have been reported to either enhance LTD (Liu et al, 2009) or alternatively enhance LTP via GluN2B and tyrosine kinases (Stramiello and Wagner, 2008) .
A potential complication with our interpretations would be the existence of triheteromeric receptors (consisting of both GluN2A and GluN2B receptors) at CA1 synapses. There is little direct evidence for such GluN2ABRs, although there is accumulating indirect evidence based on the kinetics of NMDAR-mediated EPSCs (Grey et al, 2011; Rauner and Kohr, 2011) , and the existence of such receptors has been proposed on the basis of functional and biochemical evidence (Hatton and Paoletti, 2005; Neyton and Paoletti, 2006; Paoletti and Neyton, 2007) . Triheteromeric receptors demonstrate a pharmacological profile for the subunit selective antagonists, which is intermediate compared with diheteromeric receptors, albeit with less potency (Hatton and Paoletti, 2005; Neyton and Paoletti, 2006; Paoletti and Neyton, 2007) . In our experiments, triheteromeric receptors would have been inhibited by blockers of both GluN2ARs and GluN2BRs, suggesting that either such receptors represent a relatively small proportion of the population in CA1 neurons or they show little selectivity for regulation by Src and Fyn kinases. This interpretation is supported by our demonstration of the insensitivity of NMDAR currents to Src but not Fyn kinase in CA1 neurons from GluN2A knockout mice.
Although conceptually elegant, the proposal that the direction of synaptic plasticity is determined by the subtype of NMDAR (Liu et al, 2004) has proven highly controversial with support, both for a unique role of GluN2BRs in the induction of LTD (versus GluN2ARs in LTP) (Liu et al, 2004; Fox et al, 2006; Howland and Wang, 2008; Gao et al, 2009; Brigman et al, 2010; Ge et al, 2010) , and against such a proposed model (see Berberich et al, 2005 and Morishita et al, 2007) . The controversy may in part originate from limitations inherent in the tools used to distinguish between these receptors as well as from differences in methodologies. For example, NVP-AAM077 has a limited ability to distinguish between these receptor subtypes (B10-fold). Equally important, as NVP-AAM077 is a competitive antagonist, its effectiveness is determined by the concentration of released glutamate, which co-varies with the stimulation frequency used during plasticity induction. Methodological differences that impact transmitter release probability and re-uptake will therefore influence the effectiveness of NVP-AAM077. Further, GluN2BRs and GluN2ARs have differing affinities for glutamate and their respective contribution to the total NMDAR-mediated Ca 2 þ signals generated during the vastly different protocols used to elicit LTP/LTD will differ substantially (Hatton and Paoletti, 2005; Neyton and Paoletti, 2006; Paoletti and Neyton, 2007) . The interpretation of slice experiments conducted in the presence of NVP-AAM077 is therefore problematic. Genetic approaches (e.g., deletion or overexpression of a protein of interest) also have their limitations as they may distort the normal interplay between protein Figure 6 Enhancements of NMDA-evoked currents are lost in isolated cells from knock-in mice; and, so are the shifts in synaptic plasticity in mouse hippocampal slices. (A) The application of PACAP (1 nM, applied by multi-barreled perfusion) increased NMDA-evoked currents in acutely isolated CA1 hippocampal neurons from wild-type mice (N ¼ 6). In isolated neurons from GluN2A(Y1325F) knock-in mice, PACAP failed to increase NMDAR currents (N ¼ 6). (B) The treatment of isolated neurons, from wild-type mice, with SKF81297 (N ¼ 5) (10 min, 10 mM applied by multi-barreled perfusion) enhanced NMDAR currents. In contrast, the ability of SKF81297 to modulate NMDAR-mediated currents was lost in isolated cells from GluN2B(Y1472F) transgenic mice (N ¼ 6). (C) Responses of slices from wild-type (C1) and from GluN2A(Y1325F) knock-in mice (C2) are compared with and without applications of PACAP38 (1 nM, 10 min bath applied). The stimulus protocol was 600 pulses at 10 Hz applied at time zero. In controls (N ¼ 6), little or no LTP was observed but following PACAP38, a robust potentiation was observed (N ¼ 6). This facilitation of LTP induction by PACAP38 was absent in slices from the GluN2B(Y1325F) knock-in mice (N ¼ 6). (D) The effects of PACAP38 on plasticity are plotted. (E) The application of D1R agonist SKF81297 (10 min, bath applied, 10 mM) induced LTD in slices from wildtype mice (N ¼ 5), but this effect was lost in slices from GluN2B(Y1472F) knock-in mice (N ¼ 6). **Indicates Po0.01, Student's t-test.
complexes expressed at the postsynaptic density (e.g., developmental compensation for the genetic deletion of a Src family kinase or GluN2 subunit). Another factor is that studies examining changes in the GluN2A to GluN2B subunit ratio have not distinguished relative changes from absolute changes in one or the other subtype of receptor (Cho et al, 2009 ) nor do they necessarily distinguish acute changes in receptor activity from changes in expression. For example, an increase in the ratio could originate as a consequence of decreasing GluN2BRs or alternatively by increasing GluN2ARs without a corresponding change in the function of the other subtype. Whereas the outcome of the former is a net loss of synaptic NMDAR currents, the latter generates a net gain. The direction of plasticity change is likely determined, not only by the ratio of each sub-population of receptors, but also by the absolute level of synaptic NMDAR activation achieved. Consequently, how NMDAR subunit ratio changes are achieved may be a cardinal distinguishing feature underlying various forms of metaplasticity.
Our findings show that GPCRs can determine the direction of synaptic plasticity by dynamically determining the contributions of GluN2ARs and GluN2BRs. This is achieved via distinct signalling cascades, each of which targets respective receptor subtypes by means of the Src family kinases, Src and Fyn. Src family cascades effectively enhance NMDAR responses at hippocampal synapses (Yaka et al, 2003; Macdonald et al, 2005) as well as at prefrontal cortical synapses (Salter and Kalia, 2004; Lei et al, 2009 ) but the consequences on synaptic plasticity can be dramatically different. Therefore, their capacity to regulate learning and memory is also likely to be substantially more complex. This complexity is likely to be of substantial relevance to the efforts that are being made to treat the negative cognitive symptoms of schizophrenia by pharmacologically enhancing NMDAR responses . Indeed, deficits in the expression of GluN2B have been implicated in schizophrenia and include potential polymorphisms in Grin2B (gene for GluN2B) as well as selective reductions in expression of GluN2B (Bjarnadottir et al, 2007; Kristiansen et al, 2007 Kristiansen et al, , 2010 Campo et al, 2009; Kochlamazashvili et al, 2010) . Our results strongly imply that attempts to enhance NMDAR function must also aim to restore the appropriate balance between GluN2A and GluN2B receptors in order to mitigate negative symptoms of schizophrenia.
Materials and methods
Cell isolation and whole-cell recordings CA1 neurons were isolated from postnatal rats (Wistar, (14) (15) (16) (17) (18) (19) (20) (21) (22) or postnatal mice (28-34 days) using previously described procedures (Wang and MacDonald, 1995) . To control for variation in response, recordings from control and treated cells were made on the same day. The extracellular solution consisted of the following (in mM): 140 NaCl, 1.3 CaCl 2 , 5 KCl, 25 HEPES, 33 glucose, and 0.0005 tetrodotoxin, pH 7.4 (osmolality between 315 and 325 mOsm). Recording electrodes with resistances of 3-5 MO were constructed from borosilicate glass (1.5 mm diameter; World Precision Instruments, Sarasota, FL) using a two-stage puller (PP83; Narishige, Tokyo, Japan) and filled with intracellular solution containing the following (in mM): 140 CsF, 11 EGTA, 1 CaCl 2 , 2 MgCl 2 , 10 HEPES, 2 tetraethylammonium, and 2K 2 ATP, pH 7.2 (osmolality between 290 and 300 mOsm). Where indicated, some drugs were included in the patch pipette. Recordings were conducted at room temperature (20-221C). After formation of the whole-cell configuration, the neurons were voltage clamped at À60 mV and lifted into the stream of solution supplied by a computer-controlled, multi-barreled perfusion system (SF-77 B, Warner Instrument Corporation). The exchange time for solutions was B30-50 ms. To monitor access resistance, a voltage step of À10 mV was made before each application of NMDA. When series resistance increased to 420 MO, the cell was discarded. Currents were recorded using an Axopatch 1D amplifier. Data were filtered at 2 kHz and digitized at 10 kHz using Clampex software. All population data are expressed as mean ± s.e. Student's t-test was used to compare between two groups and the one-way ANOVA test (Tukey's post hoc comparison) was used to analyse multiple groups.
Zn
2 þ -buffered solutions The tricine-buffered zinc solutions were prepared according to the empirically established binding constant by adding into 10 mM tricine and as previously described (Nozaki et al, 2011 Preparation of rat and mouse hippocampal slices Wistar rats (3-4-week old) or transgenic mice (4-6-week old) were anaesthetized using isoflurane and immediately decapitated. The brains were rapidly removed and submerged in chilled (41C) oxygenated (95% O 2 /5% CO 2 ) artificial cerebrospinal fluid (aCSF) composed of (in mM): NaCl (124), KCl (3), CaCl 2 (2.6), MgCl 2 (1.3), NaHCO 3 (26), NaH 2 PO 4 (1.25) and D-glucose (10) with osmolality adjusted to 300-310 mOsM and pH to 7.4. Transverse hippocampal slices (350 mm) were cut using a vibrotome (VT1000E; Leica). Slices were allowed to recover in a submerged holding chamber for 60-90 min under continuous oxygenation until needed. For recording, a single slice was transferred to a recording chamber, immobilized with a platinum wire grid and continuously superfused with oxygenated aCSF.
Recording of fEPSPs
fEPSPs were evoked at a frequency of 0.05 Hz by electrical stimulation (100 ms duration) delivered to the Schaffer-collateral pathway using a concentric bipolar stimulating electrode (25 mm exposed tip), and recorded using glass microelectrodes (3-5 MO filled with aCSF) positioned in the stratum radiatum layer of the CA1 subfield. Peak amplitudes and slopes were recorded and measured. Electrode depth was varied until a maximal response was elicited (B175 mm from surface). The input-output relationship was first determined in each slice by varying stimulus intensity (10-1000 mA) and recording the corresponding fEPSP. Using a stimulus intensity that evoked 30-40% of the maximal fEPSP, paired-pulse responses were measured every 20 s by delivering two stimuli in rapid succession with intervals (interstimulus interval, ISI) varying from 10 to 1000 ms. Following this protocol, fEPSPs were evoked and measured for 20 min at 0.05 Hz using the same stimulus intensity to test for stability of the response. At this time, plasticity was induced by 1, 10, 20, 50, or 100 Hz stimulation with train pulse number constant at 600. Any treatments were added to aCSF and applied to the slice for the 10 min immediately prior to the induction of plasticity.
Whole-cell recordings from rat hippocampal slices Tight-seal whole-cell recordings from CA1 pyramidal neurons were obtained using either a visually guided or blind-patch approach. Patch pipettes (4-6 MO) were filled with internal solution containing (in mM): Cs-gluconate 132.5, CsCl 17.5, HEPES 10, EGTA 0.2, Mg-ATP 2, and GTP 0.3 (pH 7.25, 290 mOsm). To pharmacologically isolate NMDAR-mediated EPSCs, bicuculline (10 mM) and CNQX (10 mM) were added to the ACSF. In neurons voltage clamped at À60 mV, synaptic responses were evoked with a concentric bipolar tungsten electrode located about 50 mm from the cell body layer in CA1. Test stimuli were evoked at 0.05 Hz with the stimulus intensity set to 25-50% of the maximal synaptic response. PACAP (10 nM) or SKF81297 (20 mM) was applied after 5 min of a stable baseline period, and NMDAR EPSCs were recorded for the subsequent 20-25 min. In some experiments, slices were pretreated with Ro 25-6981 (0.5 mM) or SCH23390 (10 mM). In others, Fyn inhibitor peptide (25 mg/ml) or Src(40-58) inhibitor peptide (25 mg/ml) were added to the pipette solution. Data were used only after the access resistance had stabilized. Series resistance ranged from 10 to 20 MO, as estimated from series resistance compensation of current responses to voltage steps of 5 mV. Signals were recorded using a Multiclamp 700A, sampled at 10 kHz, and analysed with Clampfit 9.2 software.
Immunoprecipitation and western blotting
Hippocampal slices were prepared from Wistar rats or wild-type and transgenic mice (4-6-week old) and incubated in aCSF saturated with 95% O 2 and 5% CO 2 for at least 1 h at room temperature. This was followed by treatment with PACAP (1 nM for 15 min), SKF81297 (10 mM for 10 min), and their vehicles for control. For experiments testing Src(40-58), Fyn(39-57), or D1 receptor inhibition, the slices were pretreated with TAT-Src 40À58 (10 mM), or TAT-Fyn ipep , (10mM), or SCH23390 (10 mM) 30 min before drug exposures. After three washes with cold PBS, slices were homogenized in ice-cold RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5% Triton X-100, and 1% Sodium Deoxycholate) supplemented with 1 mM sodium orthovanadate and 1% protease inhibitor cocktail, 1% protein phosphatases inhibitor cocktails, and subsequently spun at 16 000 r.c.f. for 30 min at 41C (Eppendorf Centrifuge 5415R). The supernatant was collected and kept at À701C. For immunoprecipitation, the sample containing 500 mg protein was incubated with antibodies (see below) at 41C and gently shaken overnight. Antibodies used for immunoprecipitation were anti-NR2A and anti-NR2B (3 mg, rabbit IgG; Enzo Life Sciences, PA), anti-Src (1:500, mouse IgG; Cell Signaling Technology (CST), Danvers, MA), anti-Fyn (1:200, mouse IgG; Santa Cruz Biotechnology, Santa Cruz, CA). The immune complexes were collected with 20 ml of protein A/GSepharose beads for 2 h at 41C. Immunoprecipitates were then washed three times with ice-cold PBS, resuspended in 2 Â Laemmli sample buffer and boiled for 5 min. These samples were subjected to SDS-PAGE and transferred onto a nitrocellulose membrane. The blotting analysis was performed by repeated stripping and successive probing with antibodies: anti-pY(4G10) (1:2000, mouse IgG; Millipore Corp., Billerica, MA), GluN2A or GluN2B (1:1000, rabbit IgG; CST), pSrc Y416 (1:1500, rabbit IgG; CST).
Drugs and peptides
The source of drugs for this study is as follows: Tricine, ZnCl 2 , NMDA, glycine and R0 25-6981 (Sigma, St Louis, MO), Src (p60 c-Src ) and Fyn (active) (Upstate Biotechnology), PACAP and VIP (Calbiochem, San Diego, CA). NVP-AAM077 was provided by Dr YP Auberson (Novartis Pharma AG, Basel, Switzerland). and Scramble Src(40-58) were provided by Dr MW Salter (Hospital for sick children, Toronto, Ontario). Peptides were synthesized by the Advanced Protein Technology Centre (Toronto, Ontario, Canada) with the following sequences: Fyn(39-57) (YPSFGVTSIP-NYNNFHAAG, Fyn amino acids 39-57), scrambled Fyn(39-57) (PSAYGNPGSAYFNFTNVHI). We attached both and to Tat transduction domains (YGRLLRQRRR), which allowed us to apply these membrane permeant forms of the selective Src versus Fyn interfering peptides extracellularly to hippocampal slices.
Transgenic mice
Heterozygous GluN2A(Y1325F) and GluN2B(Y1472F) were successively backcrossed to C57BL/6J mice to yield subsequent generations with a pure C57BL/6J genetic background. F10 heterozygous mice were crossed to each other to yield homozygous mice and wild-type littermates as previously described (Nakazawa et al, 2006) . GluN2A À/À mice were generated from heterozygous matings (Kutsuwada et al, 1996) . In experiments with GluN2A(1325F) mice, sodium orthovanadate (10 mM) was added to the bathing solutions.
Animal care
All animal experimentation was conducted in accordance with the Policies on the Use of Animals at the University of Toronto and the University of Western Ontario.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
